In this study, the conventional water-phase (one-phase) as well as water-air two-phase seepage flow numerical simulation models has been developed individually for seepage calculation inside the body of landslide dam. Janbu's simplified method as well as extended Spencer method has been used in slope stability analysis. Simulation results obtained by two-phase seepage flow model and extended Spencer method are comparatively in good agreement with the experimentally observed results than that of conventional seepage flow model and Janbu's simplified method. The two-phase seepage flow phenomenon in the dam analysis has been verified by performing one dimensional numerical and experimental analysis.
INTRODUCTION
Landslide dam failure has been frequently studied as an earthen dam failure despite of their differences in geometry, dimensions and material properties. Numerical models from various literatures allow to roughly computing the hydrograph resulting from the dam failure, however not giving any indications regarding the whole dam stability. Many researchers such as Takahashi et al. 1) , Mizuyama et al. 2) , Davies et al. 3) , Satofuka et al. 4) and others proposed numerical model to estimate the out flow hydrograph resulting from the overtopping failure of landslide dam. Some of them have investigated the erosion process associated with the overflow.
Very few models are developed to analyze the stability of the landslide dam. Most of them are applicable for two dimensional analyses. Takahashi et al. 5) have developed the numerical model to predict the hydrograph of debris flow in case of overtopping and sliding where as Awal et al. 6 ) have developed a model that can predict the failure time and failure mode either due to overtopping or due to sliding as well as the resulting water and sediment flow hydrographs. Awal et al. 7) have investigated the sudden sliding failure of landslide dam in three dimensions. In the above mentioned studies Janbu's simplified method that satisfies only the force equilibrium, has been used in the slope stability analysis. However, it is necessary to satisfy all the conditions of equilibrium to get the more accurate result.
Conventional methods of slope stability analysis assume that the soil is fully saturated. However, throughout much of the world, slopes exist in residual soil deposits. Such soils are often unsaturated, and the conventional saturated approach to assessing these slopes is inadequate. In looking at the behaviour of unsaturated soils, some authors e.g. Dakshanamurthy et al. 8) , incorporate airflow within the soil, and it is clear that this aspect can be significant to the overall behavior of the soil. Touma et al. 9) have analyzed the effects of soil air flow on the process of water infiltration with variable boundary conditions. No attempt has been yet made to analyze the seepage flow of landslide dam by considering air flow within the soil.
In this study, to predict the failure surface of the landslide dam due to sudden sliding and the time of failure, the slope stability analysis has been carried out using the pore water pressure and the moisture content calculated by only a conventional water-phase seepage flow model as well as the water-air two-phase seepage flow model. Janbu's simplified method as well as extended Spencer method is incorporated into dynamic programming to locate the critical slip surface of a general slope of the dam. Simulation results are compared with the experimental results obtained by Awal et al. 7) so as to evaluate the capability of the model. Since there was no air pressure measurement within the dam body, one dimensional numerical analysis of seepage flow with experimental verification has been carried out to analyze the air and water movement within the soil.
NUMERICAL MODELING (1) Seepage flow model
For one dimensional conventional seepage flow analysis, following pressure based modified Richards' equation is used.
where, h is the water pressure head; K z is the hydraulic conductivity in z direction; C=∂θ w /∂h is the specific moisture capacity, θ w is the soil volumetric water content; S w is the saturation ratio; S s is the specific storage; t is the time; and z is the vertical spatial coordinate taken as positive upwards.
For one dimensional water-air two-phase seepage flow analysis, following equations are used for the simultaneous flow of water and air 9) . Water-phase equation
where, h w is the water pressure head; h a is the air pressure head; h o is the atmospheric pressure expressed in terms of water column height; C= ∂θ/∂h c is the specific moisture capacity; n is the porosity of soil; ρ a is density of air; ρ oa is density of air at the atmospheric pressure; ρ ow is density of water at the atmospheric pressure; K wz is the hydraulic conductivity in z direction; and K az is the air conductivity in z direction. For three dimensional conventional seepage flow analysis, following equation is used 8) .
where, K x and K y are the hydraulic conductivity in y and z directions respectively; and x and y are the horizontal spatial coordinates;
For three dimensional water-air two-phase seepage flow analysis, following equations are derived for the simultaneous flow of water and air based on the one-dimensional flow equations 10) . Water-phase equation
where, K wx and K wy are the hydraulic conductivity in x and y directions respectively; and K ax and K ay are the air conductivity in x and y directions respectively.
(2) Slope stability model
In this study limit equilibrium method of slices is used for slope stability analysis. Janbu's simplified method as well as extended Spencer method has been incorporated into an effective minimization procedure based on dynamic programming by which the minimal factor of safety and the corresponding critical non circular slip surface are determined simultaneously.
The factor of safety F s for Janbu's simplified method is expressed by the following equation 7) .
where, J=(1+tan
; W is the weight of a column; P is the vertical external force acting on the top of the column; u is the pore water pressure at the base of the column; x and y are discretized widths of the columns in x and y directions I_140 respectively; α xz and α yz are the inclination angles of the column base to the horizontal direction in the xz and yz planes respectively; and c and φ are the Mohr-Coulomb strength parameters.
Following equations of factor of safety for extended Spencer method have been used 10) .
( ) ( )
where, F f and F m are the factor of safety with respect to force equilibrium and moment equilibrium respectively; m α = (1+tanδ tanα xz )/J + (sinα xz -tanδ cosα xz ) tanφ /F with F = F f for Eq. (8) and F m for Eq. (9); δ is the inclination of interslice forces to the horizontal; R is the distance from the axis of rotation to the base centre of a column in xz plane; and θ is the angle between the horizontal direction and the R direction in the xz plane.
F f and F m can separately be computed from the Eqs. (8) and (9) for several appropriately given values of δ. Then, two curves showing the relationships of F f -δ and F m -δ can be plotted so that the intersection of these two curves leads to a required δ o value and corresponding factor of safety F s , satisfying both force and moment equilibrium.
EXPERIMENTAL STUDY
One dimensional seepage flow experiments were performed on a 53cm high and 23cm by 23cm cross-sectional vertical column of silica sand S6 packed into a non-permeable wooden box. Two cases of experiments, bounded column and open column, were considered with 2cm constant head imposed at the surface of the column. In case of open column experiment, wooden box with perforated base plate with filter mat placed at the bottom was used so as to ensure easy excess for the seepage water through it and retain the sand within the designated column. Profile probe (PR2) consisting four sensors (SRs) were used to measure the temporal variation of moisture content at four different depths and three pressure transducers (PTs) were used to measure the temporal variation of air pressure at three different depths of the sand column during seepage process. The shape and size of the sand column with the arrangement of profile probe SRs and PTs are schematically shown in Fig. 1 .
Awal et al. 7) used the rectangular flume of length 500cm, width 30cm and depth 50cm set at 20° longitudinal slope in the landslide dam experiment. It is difficult to observe the three dimensional view of the failure surface in rectangular flume shape. So, the rectangular shape of the flume was modified to make cross slope of 20°.Triangular dam was prepared on the rigid bed of flume by placing mixed sediment Smix (silica sand Mix 1-7) on the flume. Water content reflectometers (WCRs) were used to measure the temporal variation of moisture content during seepage process. Shape and size of the landslide dam with the arrangement of WCRs are schematically shown in Fig. 2 
RESULTS AND DISCUSSIONS (1) One Dimensional Case
One dimensional numerical and experimental seepage analysis has been performed to investigate the air and water movement within the soil. Fig. 4 and Fig. 5 shows the experimental and simulated moisture profiles at the position of different SRs in the bounded and open column cases, respectively. In both cases, simulated moisture profiles considering two-phase flow are in good agreement with the experimental values than one-phase flow considerations.
Moisture profiles obtained considering two-phase flow is much more significantly delayed in comparison with that of one-phase flow in case of bounded column. However that of less significant in open column than that of bounded column but distinct one. Fig. 6 and Fig. 7 shows the experimental and simulated air pressure head profiles at the position of different PTs in the bounded and open columns cases respectively.
PTs measure the pressure exerted by the fluid which is in contact with its diaphragm. In the experiment, only air will be in contact with the diaphragm when sharp wetting front of the infiltrating water away from the PTs. After reaching sharp wetting front to it, water also approaches to the diaphragm. Hence divergence of simulated air pressure head profiles with experimentally obtained values is observed after reaching sharp wetting front to the PTs (Fig. 4, Fig. 5, Fig. 6 and Fig. 7) . Moisture profiles at SRs (1, 2 and 3) respectively represent the moisture profiles at PTs (1, 2 and 3) because they are located at the same position in vertical direction (Fig. 1) .
Essentially air becomes trapped in the voids by the infiltrating water from the surface, initially causing compression of the air phase, leading to a reduction in the rate of water infiltration. The air pressure will increase until it reaches a sufficient value for the air to escape by bubbling. In bounded column case, the air must escape through the surface creating the passage on breaking the wetting front so that the air pressure raised very much significantly (Fig. 6) . In open column case, the air can escape through the bottom open face so that the small value of air pressure raise is sufficient to escape (Fig. 7) . 
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saturation that is found to be earlier in all WCRs of simulated results rather than that of experimental. Table 2 presents the summary of the slope stability analysis. Fig. 9 shows the comparison of experimental and simulated critical slip surfaces. In side A of the dam body, computed slip surface is very close to the experimentally observed slip surface whereas in side B computed slip surface is shallower than that of experimentally observed.
Positions of WCRs (2, 4 and 8) are closer to head reach than tail reach of the dam body. Earlier saturation of these WCRs in simulation (Fig. 8) indicates that the head reach of the dam body saturated faster and tail reach saturated slower in simulation in comparison to experiment, in a given upstream discharge condition. It means upstream reservoir level rising rate in simulation was faster than experiment. Since the dam body mass in head reach is dominant for the slope failure, numerically obtained slope failure will be earlier and shallower than experiment due to such phenomenon. However in the present study, numerically obtained failure surface is shallower only in side B. The friction on the side wall of the flume was ignored in the computation. Since the dam body contact area to the flume side wall is greater in side A than side B, the effect of friction in computation will be more significant in side A than that of side B, resulting deeper slip surface was computed in side A closer to the experimental one. Fig. 10 presents three dimensional view of the failure surface computed by extended Spencer method considering two-phase flow.
The water level rising rate in upstream of the dam body depends on rate of moisture movement inside the dam. Saturated hydraulic conductivity K s and the Van Genuchten parameters (α and η), depends on the sand mix and its compaction, are the key parameters for guiding moisture movement and consequently failure time of the dam. It is difficult to ensure uniformity of sand mix and its compaction while determining these parameters and formation of experimental dam body. It is necessary to record the temporal variation of upstream reservoir level during experiment so that the value of these parameters can be optimized to get more accurate simulated reservoir level that may lead simulated moisture movement, dam body failure time and shape of the failure surface quite closer to the experimental one. Since water-air two-phase flow model has been used to consider the air movement phenomenon inside the dam during seepage process, simulated moisture profiles obtained by the water-air two-phase seepage flow model are slightly delayed than that of conventional seepage flow model (Fig.  8) . Ultimately, failure time of the dam body has also found to be delayed in Janbu's simplified method as well as extended Spencer method ( Table 2 ).
Janbu's simplified method only satisfies force equilibrium for the entire sliding mass and assumes resultant interslice forces horizontal where as extended Spencer method satisfies both the force and moment equilibrium and assumes resultant interslice forces are at some angle to the horizontal. Due to the vertical component of inclined interslice forces, calculated mobilized shear stress by the Spencer method is less than that of Janbu's simplified method in a given condition of moisture content. Hence the factor of safety calculated by the Janbu's simplified method is less than that of extended Spencer method, resulting the failure time of the dam body earlier in case of Janbu's simplified method.
Considering two-phase flow seepage analysis simulations were also carried out to analyze the sensitivity of dam body stability to K s value parameter, K s value was varied by ±10%, so that its influence can be recognized. Fig. 11 shows the % change in failure time of the dam body for % change in K s value. Negative and positive values in % change in failure time represent respective earlier and delayed computed failure time with changed value of K s comparison to predicted failure time when K s value was not changed. The plot shows that increase in K s value results rapid increase in moisture movement rate inside the dam body thereby increasing pore water pressure faster so that failure of the dam takes place earlier. Similarly, decrease in K s value results the failure of the dam later.
CONCLUSIONS
The two-phase seepage flow phenomenon in the dam analysis has been verified by performing one dimensional numerical and experimental analysis. The comparison of experimental and simulated results show that the results obtained by water-air two-phase seepage flow model and extended Spencer method of slope stability analysis are more closer to the experimental results than that of conventional seepage flow model and Janbu's simplified method of slope stability analysis. Specially in the dam body failure time is more distinct, even though simulated failure time is much earlier than that of experimental. More experimental studies as well as sensitivity analysis are necessary to get experimental and simulated results quite close. It is recommended to carry out the experimental measurement of air pressure at different points inside the dam body so that the result that may be obtained by the simulation can be verified.
